Purpose: To investigate the prevalence and distribution of lower limb somatosensory impairments in community dwelling chronic stroke survivors and examine the association between somatosensory impairments and walking, balance, and falls. Methods: Using a cross sectional observational design, measures of somatosensation (Erasmus MC modifications to the (revised) Nottingham Sensory Assessment), walking ability (10 m walk test, Walking Impact Scale, Timed "Get up and go"), balance (Functional Reach Test and Centre of Force velocity), and falls (reported incidence and Falls Efficacy Scale-International), were obtained. Results: Complete somatosensory data was obtained for 163 ambulatory chronic stroke survivors with a mean (SD) age 67(12) years and mean (SD) time since stroke 29 (46) months. Overall, 56% (n ¼ 92/163) were impaired in the most affected lower limb in one or more sensory modality; 18% (n ¼ 30/163) had impairment of exteroceptive sensation (light touch, pressure, and pin-prick), 55% (n ¼ 90/163) had impairment of sharp-blunt discrimination, and 19% (n ¼ 31/163) proprioceptive impairment. Distal regions of toes and foot were more frequently impaired than proximal regions (shin and thigh). Distal proprioception was significantly correlated with falls incidence (r ¼ 0.25; p < 0.01), and centre of force velocity (r ¼ 0.22, p < 0.01). The Walking Impact Scale was the only variable that significantly contributed to a predictive model of falls accounting for 15-20% of the variance. Conclusion: Lower limb somatosensory impairments are present in the majority of chronic stroke survivors and differ widely across modalities. Deficits of foot and ankle proprioception are most strongly associated with, but not predictive, of reported falls. The relative contribution of lower limb somatosensory impairments to mobility in chronic stroke survivors appears limited. Further investigation, particularly with regard to community mobility and falls, is warranted.
Introduction
With improved acute stroke services and consequent survival rates, more people are enduring the long-term consequences of stroke [1] . With this shift, stroke is moving away from being a major cause of mortality, to becoming a disabling, long-term chronic condition [2] . Whilst the majority of stroke survivors gain "independent walking" [3] , up to 50% of chronic stroke survivors regularly request a companion when walking outdoors [4] . Mobility issues such as reduced balance [5] , walking speed and endurance [6, 7] , and falls [8] have been demonstrated in people several years after stroke. The effect on individuals, health care systems, and society suggest a greater need to focus attention on the long-term consequences, management, and rehabilitation of people with stroke to reduce the global stroke burden is thus needed [2] .
Recent qualitative work [9] highlighted that in community dwelling people with chronic stroke, limitations to outdoor walking ability, balance reactions, step clearance and falls, were profoundly influenced by reduced awareness of foot-ground interactions and foot position sense. Such difficulties suggest impairment to the somatosensory system, which provides sense of touch (exteroception) and body position/movement sense (proprioception). To successfully adapt to altered walking terrains, avoid obstacles and manage slopes for example, somatosensory information such as changes in foot plantar pressures, lower limb positions, and limb/foot loading must be detected, relayed, and integrated by the Central Nervous System (CNS) [10] . Laboratory studies have shown that altered somatosensation in the lower limb, independent of motor weakness, impacts postural regulation [11] , foot placement [12] , and obstacle avoidance performance error [13] . Thus, clinical interventions acknowledge the importance of accurate somatosensory feedback in the rehabilitation of movement post stroke [14] and case studies of those with tactile and proprioceptive deficits and intact motor pathways, due to central [15] or peripheral [16, 17] neurological deficits, report substantially impaired motor function, gait, and spatial orientation. However, few studies have investigated the functional impact of lower limb somatosensory impairments in community-dwelling, chronic stroke survivors.
Evidence from studies of acute/sub-acute stroke suggest lower limb somatosensation influences activities of daily living, but not mobility or balance, when weakness is included as a factor [18] . At six months post stroke however, those with somatosensory and motor impairments have less favourable walking outcomes, lower independence in activities of daily living and lower selfreported health status than those with motor impairments alone [19] . Evidence detailing the relationship between lower limb somatosensation and functional outcomes in chronic stroke is variable; some have found significant associations with gait speed [20] whilst others have found that lower limb somatosensation is not significantly associated with community ambulation [4] , gait speed [7] , or falls [21] . The functional importance of lower limb somatosensory impairments into the chronic phase of stroke is yet to be established and warrants further investigation.
Similarly, the prevalence of lower limb somatosensory impairments in chronic stroke are also yet to be established. Most studies investigating this have done so in hospitalised stroke patients in the acute/sub-acute phase (i.e., within 2-4 weeks post stroke). Recovery of sensation is, however, variable and unpredictable with somatosensory ability at 15 days accounting for just 46-51% of the variance in lower limb tactile and proprioceptive ability at six months [22] . A recent survey of 145 people (mean 45 months post stroke) found 43% reported reduced sensation in the feet; the second most common foot problem after weakness [23] . Prevalence rates of somatosensory deficits range from 7-70% [21, 24] of chronic stroke survivors, with such variability partly attributable to the somatosensory modality tested and the use of different often non-standardised assessments. Therefore, an understanding of the prevalence and distribution of lower limb deficits in different somatosensory modalities in the chronic phase poststroke is lacking.
The aim of this study was to investigate lower limb somatosensory impairment in chronic, community dwelling, and ambulatory stroke survivors. The objectives were to (1) map the prevalence, type, and distribution of lower limb somatosensory impairments; (2) explore the association between somatosensory impairments and walking, balance, and falls; and (3) investigate differences between fallers and non-fallers and the extent to which lower limb somatosensory function is predictive of falls, when other potentially confounding variables are accounted for.
Methods
Ethical approval was obtained from the NHS Health Research Authority NRES Committee (13/SW/0302). The somatosensory data informing this study was collected alongside several clinical measures of foot and ankle impairments as part of a multi-centre cross sectional observational study: the "Foot and Ankle iMpairment in Stroke study (FAiMiS) ." "Strengthening the Reporting of Observational studies in Epidemiology" [25] was used as a framework for this study.
Study participants
Participants were recruited from a convenience sample identified through NHS community services and stroke support groups across East London and Devon, UK. Recruitment was conducted at the two centres on predefined assessment days. Eligibility criteria were: aged 18 and above, stroke diagnosis confirmed via CT scan and clinical presentation, >3 months post-stroke, able to independently stand, and walk at least 10 m indoors. Potential participants were excluded if they had additional neurological disease or co-morbidities/injuries that would affect mobility and/or foot somatosensory function.
Procedures and measures
Participants attended a single assessment session. The assessments were conducted at sites local to the participant; Either university premises or local community hospital. Two neurological physiotherapists with 10-12 years post-graduate experience conducted the assessments.
After informed consent, demographic data including age, gender, medical history, and current mobility level was recorded along with details of stroke (location, hemisphere, and time since stroke) to describe the study population. The following assessment measures were chosen based on their published validity and reliability, clinical feasibility, and appropriateness in a chronic stroke population.
Lower limb somatosensation
The Erasmus MC modified version of the (revised) Nottingham Sensory Assessment (EmNSA) [26] measured somatosensory performance in the lower limb contralateral to stroke lesion. It is considered psychometrically robust and clinically feasible [27] and assesses modalities of exteroceptive sensation (light touch, pressure touch, and pin-prick), higher cortical discriminatory sensation (sharp-blunt), and proprioception (movement detection and discrimination). Scores for each body part for the five modalities range from 0 (total loss of somatosensory function) to 8 (wholly intact). A cut-off score of 6/8 in a modality was used to indicate the presence of somatosensory impairment in line with a recent upper limb study in stroke [28] . In those with bilateral stroke, the subjectively "most affected" limb was assessed.
Walking speed
The 10 m Walk Test (10 mWT) [29] assesses walking speed, calculated in metres per second over the middle 6 m of the walkway. The psychometric properties of the 10 mWT have been extensively reviewed [30] ; excellent reliability has been demonstrated in chronic stroke survivors [31] and it is strongly associated with activities of daily living [32] and community ambulation [7] .
Walking balance
The Timed "Get up and Go" (TUG) [33] assesses walking balance. It has demonstrated to be a reliable measure in chronic stroke survivors [31] and has shown to be strongly associated with the Berg Balance Scale and the Community Balance and Mobility measure [34] .
Self-reported walking ability
The Walking Impact Scale (WIS) [35] is a standardised and validated patient based self-report scale of mobility. It has demonstrated good responsiveness, validity, and clinical feasibility in people with a range of neurological conditions, including stroke [35] .
Dynamic Balance
The Forward Functional Reach Test (FRT) [36] is a standardised, validated measure of dynamic balance. It has demonstrated excellent reliability and validity in stroke survivors [37] . A score <15 cm is indicative of increased falls risk in stroke [38] .
Static balance
Centre of force (COF) measurements are commonly used to quantify postural sway, with COF velocity suggested as a sensitive measure for detecting change in balance ability [39] . Quiet standing in barefoot under eyes open (EO) and closed (EC) conditions was recorded using a HR Matscan pressure platform (Tekscan, Biosense Medical, Essex UK). In each condition, participants stood for as long as possible up to a maximum of 30 s. COF velocity (mm/s) was calculated by dividing the COF excursion (mm) by time (seconds) standing, for each condition (EO and EC), and then subtracting EO COF velocity from EC COF velocity . A larger value indicates a greater difference between EO/EC conditions and larger postural sway.
Falls incidence
Falls data was collected through participant retrospective recall, which has shown excellent agreement with diarised falls in people with stroke [40] and used a well-accepted definition of falls [41] . Participants were categorised as fallers if they reported at least one fall in the previous three months, in line with other falls studies in stroke [23, 42] .
Fear of falling
Fear of falling was measured using the Falls Efficacy ScaleInternational (FES-I) [43] , a 16-item self-report tool, which measures an individual's level of concern about falling during social and physical activities inside and outside the home. Higher scores indicate greater fear of falling, which has shown to lead to activity restriction, psychological, and physical deterioration [44] . The FES-I has demonstrated excellent reliability in a chronic stroke population [45] and validity in the elderly [46] .
Statistical analyses
Participant clinical and demographic characteristics were summarised using descriptive statistics, as was their performance across each somatosensory modality. Data distribution was assessed for normality using Shapiro-Wilks tests and assumed normally distributed when p > 0.05. Missing data was handled using pairwise deletion. Associations between lower limb somatosensation and measures of mobility, balance, and falls were analysed using either Pearson's product-moment correlation or Spearman's rank order correlation; assumptions to determine appropriate use were observed [47] . Differences between non-faller and faller outcomes were analysed using Mann Whitney U tests for variables with nonnormally distributed data and/or ordinal measurement scales; Independent samples t-tests were used where continuous data was normally distributed. Bonferroni adjustments were made to account for multiple comparisons and statistical significance amended and highlighted in results. Binary logistic regression analysis with forced entry was performed to assess the impact of a number of factors on the likelihood that participants reported one or more falls. Odds ratio (OR), was used to provide the estimated change in reported falls due to a single unit change in predictor variable. Assumptions of logistic regression were observed with data assessed for multicollinearity and outliers [48] . All data were analysed with SPSS version 22.0 for Windows statistical programme (SPSS, Chicago, IL).
Results
One hundred and eighty stroke participants were recruited of which complete somatosensory data was obtained for 163 participants and complete somatosensory and functional data were obtained for 157 participants. Demographic, clinical, and functional outcomes are presented in Table 1 . Mean age ( standard deviation (SD)) was 67 (12) years and mean (SD) time from stroke onset to assessment was 29 (46) months.
Objective 1: Map the prevalence, type, and distribution of lower limb somatosensory impairments Impairment to light touch, pressure, pin prick (exteroceptive sensation), sharp-blunt discrimination, and proprioception, was present if scored 6/8. The majority of participants (n ¼ 92/163) were impaired in at least one modality in the limb contralateral to stroke lesion site ( Table 2 ). The greatest proportion of participants experiencing a single modality deficit was in that of sharp-blunt discrimination with 30% (n ¼ 49/163) scoring 6/8 on that modality. Forty-one participants (25% overall) had a mixed picture exhibiting a combination of two or more somatosensory impairments, with 18 participants (11% overall) impaired in all three, suggesting profound somatosensory impairment. The anatomical distribution of somatosensory impairments by modality is presented in Table 3 . Overall, somatosensation was more frequently absent or impaired in distal regions of the most affected lower limb (toes and foot) across all modalities. The ability to discriminate between a sharp and blunt stimulus was most frequently impaired.
Objective 2: Explore the association between somatosensory impairments and walking, balance, and falls Spearman's correlations between exteroceptive, sharp-blunt discrimination, proprioception and walking, balance, and falls are presented in Table 4 . Distal (first metatarsophalangeal joint (MTPJ) and ankle) proprioception showed significant, negative correlations with falls incidence (r ¼ À0.25; p < 0.01) and centre of force measurements (r ¼ À0.22, p < 0.01), with poorer distal proprioception associated with increased falls and increased postural sway. Lower distal proprioception scores were also significantly correlated with increased scores on the walking impact scale (WIS) (r ¼ À0.20, p < 0.01), indicating those with poorer proprioception felt their stroke has a greater impact on walking ability. Proximal (knee and hip) proprioception was significantly correlated with falls incidence (r ¼ À0.17; p < 0.05) and WIS (r ¼ À0.18, p < 0.05) but not COF (r ¼ À0.08; p > 0.05). Distal and proximal exteroceptive sensation was also significantly correlated with falls incidence (r ¼ 0.17-0.19, p < 0.05). Measures of walking speed, walking balance, and dynamic balance, were not significantly correlated with any aspect of somatosensation.
Objective 3: Investigate differences between fallers and non-fallers and the extent to which lower limb somatosensory function predicts falls when other potentially confounding variables are accounted for Lower limb somatosensation, categorised into distal and proximal anatomical segments and functional outcomes of non-fallers and fallers are presented in Table 5 . Statistically significant differences between the groups, were identified in distal and proximal exteroceptive sensation (p ¼ 0.003) and distal and proximal proprioception (p ¼ 0.001 and 0.005, respectively). The WIS and FRT were also significantly different between the two groups (p ¼ 0.003 and p < 0.001). Gait speed, the Timed Up and Go, Falls Efficacy ScaleInternational, and COF measurement when accounting for Bonferroni correction (0.05/6 ¼ 0.0083), were not significantly different between fallers and non-fallers.
Direct logistic regression analysis was performed to assess the impact of a number of factors on the likelihood that stroke participants reported one or more fall. Distal and proximal exteroceptive sensation were strongly correlated (r ¼ 0.70, p < 0.01) so did not meet the assumption of multicollinearity and were included as a single predictor variable. Case wise diagnostics found three cases with standardised residual values greater than ±3.3 indicative of outliers. Evaluation of these outliers using Cook's distance [48] , indicated they had no undue influence on the regression model overall. Binary logistic regression analysis included five predictor variables identified as significantly different between non-fallers and fallers (distal and proximal proprioception, exteroceptive sensation, FRT, and WIS) and two predictor variables identified in the literature as factors in falls (age and time since stroke -TSS; Table 6 ). Self-reported falls incidence was the dependent variable. The full model containing all seven predictors was statistically significant X 2 (7, n ¼ 161) ¼ 25.46, p < 0.001, indicating that the model was able to distinguish between participants reporting one or more fall and those reporting no falls. The model as a whole explained between 15 (Cox and Snell R squared) and 20.1% (Nagelkerke R squared) of the variance in falls status, and correctly classified 66.9% of cases. As shown in Table 6 the only independent variable which made a unique statistically significant contribution to the model was the WIS. The strongest predictor of falls reporting was thus the WIS with an odds ratio of 1.04 (95%confidence interval (CI) 1.01-1.07). This indicated that for each point increase on this scale (indicating greater perceived impact on walking), participants were more likely to report one or more fall by a factor of 1.04 (4%), when all factors are controlled for. Neither exteroceptive nor proprioceptive sensation significantly contributed to the model.
Discussion
This study investigated the prevalence and distribution of lower limb somatosensory impairments in ambulatory chronic stroke survivors and the association between these impairments and measures of walking, balance, and falls. To our knowledge, it is the first study to provide a detailed evaluation of lower limb somatosensory impairments in chronic stroke survivors. It demonstrated that somatosensory deficits were present in 56% of this study sample, indicating that lower limb somatosensory deficits are common in people with chronic stroke. It also found that, despite their prevalence, lower limb somatosensory deficits are not strongly associated with, or predictive of walking, balance, or falls.
The prevalence figures reported in this study are higher than previous studies of chronic stroke populations in which lower limb somatosensory function has been evaluated. Schmid et al. [21] reported just 7% of 160 chronic stroke survivors had somatosensory deficits in the foot, as determined by pin-prick sensitivity of the great toe. Robinson et al. [4] , found 13% of 30 ambulatory, community dwelling chronic stroke survivors had abnormal proprioception, as measured by manual testing of movement detection at the first metatarsal joint. The higher rates in this study may be explained by the more comprehensive, multi-modal assessment of sensation employed. The EmNSA used in this study includes an assessment of sharp-blunt discrimination, which accounted for a large proportion of somatosensory deficits in this study. Fifty-five percent of our sample were impaired in this modality: much higher than the prevalence rates of exteroceptive deficits (18%) and proprioceptive deficits (19%). Notably, impairment in the individual modalities of pin-prick and pressure detection, which constitute the sharp-blunt discrimination test, were much lower (12 and 13%, respectively). Success in a test of discrimination, by its very nature, requires intact detection, so impairment rates in tests of discrimination are, at least, likely to be higher. Findings from this study are in line with others in stroke, in which discriminative ability is more commonly affected after stroke than stimuli detection [22, 28, 49, 50] . The neurophysiology of somatosensory processing is not fully understood, although imaging studies highlight that multiple cortical and sub cortical brain structures are active during tests of texture discrimination [51, 52] . It is further proposed in the assessment of somatosensation, that a "somatosensory hierarchy," could be applied. In this model, stimulus detection is considered the lowest "level" of somatosensory processing and discriminating between two or more stimuli, considered "higher level" processing [53] . With 70% of physiotherapists and occupational therapists not using a standardised assessment of sensation, favouring the assessment of light touch detection and proprioception [54] , a substantial proportion of tactile impairments in clinical practice may go undetected. The findings from this study support that a thorough assessment of somatosensory ability in stroke should include an assessment of tactile discriminative ability. Our findings further indicate that recovery of lower limb sensation is not complete in the majority of chronic stroke survivors. Further, one in 10 chronic stroke survivors experience profound somatosensory impairment.
Despite their prevalence, this study did not provide strong evidence that lower limb somatosensory function is strongly associated with walking, balance, or falls; it demonstrated that impaired distal and proximal lower limb proprioception and exteroceptive sensation is significantly, but weakly associated with increased self-reported falls and increased postural sway. Overall, lower limb somatosensory impairments were only weakly associated with walking speed, self-reported walking ability, balance, and falls. Despite significant differences in lower limb proprioception and exteroceptive sensation between fallers and non-fallers, these factors did not significantly contribute to a predictive model for falls, suggesting falls may be explained by other factors. Schmid et al. [21] , found neither stroke severity nor any of the individual components of the neurological examination (such as leg weakness, sensation, or ataxia) were associated with fall risk. Similarly, Hyndman et al. [55] , found no significant differences in mobility or motor control, between fallers and non-fallers, yet did find different characteristics amongst repeat fallers. The multi-factorial nature of falls and the heterogeneity amongst falls groups, with factors such as cognitive impairment, depression, and psychotropic medications identified as significant risk factors alongside impaired balance and mobility [56] may explain these findings.
The results of this study are broadly in line with several other cohort studies in stroke which report mostly weak associations between lower limb somatosensory impairments and walking [20] , balance [18] , community ambulation, and falls [7, 21] .
The qualitative reports [9, 57] , laboratory studies [11] [12] [13] and clinical approaches [14] , which emphasise the importance of accurate somatosensory information to movement, could not be fully supported.
Weak associations between lower limb somatosensation and functional outcomes may in part, be explained by the CNS reducing relative reliance on somatosensory information and increasing that of visual and vestibular inputs. For example, it is widely recognised that the relative contribution or weighting of somatosensory, visual, and vestibular sensory inputs alter in response to individual, task, and environmental factors [58] . Early after stroke visual dominance is more markedly enhanced [59] , which may reflect a re-weighting of sensory information. It has been suggested that the use of visual information may be preferentially enhanced over other sensations, as there is less multi-sensory integration required to interpret visual as opposed to vestibular and somatosensory information, at least within constrained laboratory-based conditions [59, 60] .
It is further postulated that demand on somatosensory cortical structures increases with greater task requirements and movement accuracy. Electroencephalography (EEG) studies show increased cortical activity levels in supra-spinal areas during more challenging locomotor tasks such as narrow beam [61] and incline walking [62] , compared with flat walking. The implication is that the somatosensory cortex is in a "heightened state" to monitor somatosensory feedback during more complex locomotion tasks [62] . Commonly used clinical mobility measures, such as the 10 mWT which is often used as a clinical end-point measure, may not capture the multi-faceted and somatosensory-dependent functions required during more challenging, "real life" walking [63, 64] . Assessment of gait asymmetry however might provide greater insight to understanding paretic leg impairments [65] . With community dwelling chronic stroke survivors often exhibiting spatiotemporal gait asymmetries despite good motor control [66] , abnormal tactile, and proprioceptive inputs might perpetuate such abnormal gait patterns. Further studies investigating the relationship between lower limb somatosensation and spatiotemporal parameters of gait are needed.
Further insight may also be provided by a detailed analysis of how lower limb somatosensation is measured. The results of this study and others [28, 67, 68] highlight issues regarding the validity, reliability, and appropriateness of traditional, clinical measures of somatosensory detection, particularly within the context of function. Such measures may lack the sensitivity to capture the complex somatosensory changes, which may occur following stroke. This may, in part be explained by their focus on identifying the presence or absence of impairment, not the severity, or functional impact of that impairment. These aspects are key for planning and evaluating appropriate rehabilitation interventions. The development and use of functionally oriented somatosensory measures have been suggested [30, 69, 70] and may help provide more meaningful somatosensory data.
Interpretation of our findings must be considered, as with any study, in light of the study limitations. The study used a convenience sampling approach, which may have led to sample bias. Assessment centres were limited to local community hospitals and the university laboratory, so these results may not be generalisable to very limited community walkers or those unable to attend outpatient clinics.
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